This papers examines the interfacial fracture properties of a new fibre-metal laminate based on glass fibre reinforced polypropylene (GFPP). Tests have shown that excellent adhesion between aluminium and GFPP can be achieved by incorporating a maleic-anhydride modified polypropylene interlayer between the composite and aluminium layers. Single cantilever beam tests have shown that the fracture energy of these systems initially increases with loading rate and then decreasing. In spite of this, the fracture energy is extremely high at all rates.
Introduction
Fibre/metal laminates consist of alternating layers of aluminium alloy sheets and fibrereinforced epoxy resins. Presently, systems such as GLARE (glass fibre/aluminium), ARALL (aramid fibre/aluminium) and CALL (carbon fibre/aluminium) are being considered for use in the aerospace industry. Fibre-metal laminates combine the durability and ease of fabrication associated with metals with the superior specific properties and excellent fatigue and fracture resistance of high performance composite materials. Previous work has shown that fibre-metal laminates offer a superior resistance to fatigue loading (I] , excellent impact properties [2] and good damage-tolerance characteristics [3] . One of the disadvantages associated with conventional metal-composite systems is the relatively long processing cycles associated with the curing of the thermosetting matrix and the bonding of the adhesive system. In contrast, thermoplastic-based composites which can, in principle, be moulded, bonded to a metal substrate and shaped in a simple, short oneshot manufacturing operation offer an attractive approach for dramatically reducing manufacturing times and associated costs. The benefits associated with such materials are likely to be numerous and include: (i) very short processing cycle (ii) possibility to reform and reshape following manufacture (iii) high flexural rigidity (iv) ease of repair (v) relatively low cost (vi) excellent energy-absorbing characteristics (vii) high resistance to impact and blast loading. To date, the properties of fibre-metal laminates based on thermoplastic polymer matrices has received very little attention. Clearly, the properties of such materials are likely to be strongly dependent on the degree of adhesion between the thermoplastic polymer and the aluminium substrate. If this interface is weak, low energy impacts such as those associated with a dropped tool will generate large areas of damage resulting in a significant reduction in load-bearing characteristics
The aim of the present work is to investigate the interfacial fracture properties of a glass fibre reinforced polypropylene/aluminium laminate over a wide range of loading rates.
Experimental Procedure
Tests were undertaken on bi-material laminates based on an aluminium alloy (type 2024-T3) and a glass fibre reinforced thermoplastic (Plytron from Borealis Ltd, Norway). The laminates were manufactured in a picture frame mould by stacking eight layers of the glass fibre composite prepreg on a two millimetre thick aluminium sheet. A folded aluminium foil was incorporated at the composite-metal interface to act as a starter defect. In order to ensure optimum adhesion between the composite and the aluminium, a layer of maleic anhydride modified polypropylene (Fusabond MZI09D from DuPont de Nemours) was incorporated at the composite-metal interface. The laminates were heated to 185°C in an air circulating oven before stamping in a cold press. The rapid cooling of the polypropylene matrix ensured that the degree of crystallinity remained low [4] .
In preparation for testing, single cantilever beam (SCB) specimens with dimension 20 x 200 mm were removed from the moulded plates. The SCB specimens were clamped in a steel fixture, Fig. I , and tested at crosshead displacement rates between 0.1 mm/min. and 3 mls. At low rates of loading, crack extension was monitored by eye. At crosshead displacement rates above 10 mmlminute, optical monitoring was no longer possible and the crack position was determined using an inverse compliance method based on the initial and final crack lengths and compliances. The interfacial fracture energy was then determined using a compliance calibration procedure. The interfacial fracture energy was p2 dC G ---c -2B da (1) where 'P' is the applied force, 'B' the specimen width, 'C' the specimen compliance and 'a' the crack length. The specimen compliance was determined as a function of crack length and a curve fit of the following form applied: _ 3 C-Co+ka (2) where Co and 'K' are constants for a given specimen. In this study, K was determined by measuring the slope of the graph of the compliance 'C' versus the cube of the crack length 
Results and Discussion
For all specimens at all loading rates, crack propagation occurred in a stable manner either along or close to the composite-metal interface. Upon unloading, the majority of the SCB specimens exhibited a residual displacement due to plastic deformation in the aluminium Advanced Composites Letters 99 substrate. Figure 2 shows a typical resistance curve from an SCB specimen tested at I mrnlminute. From the figure, it is clear that the fracture energy rises rapidly before plateauing at a value of approximately 3600 11m
2 . This plateau value of the interfacial fracture toughness is clearly very high and comfortably exceeds the interlaminar fracture toughness of tough thermoplastic-based composites such as carbon fibre reinforced PEEK [5] . An examination of the specimen during testing indicated that the rising R-curve was associated with the development of extensive fibre bridging in the crack tip region. These observations agree with previously published work on unidirectional glass fibre reinforced polypropylene which showed that fibre bridging was an important energy-absorbing mechanism in this material [4] . propagated at both the bi-material interface as well as within the composite. At 100 mm/min., the crack has largely remained within the composite although small regions of exposed aluminium were in evidence. Under impact conditions, the fracture surface again exhibits a mixed appearance, Fig. 4c . this evidence suggests that the initial increase in the fracture energy with rate is associated with a greater tendency for the crack to propagate within the tough composite material whereas the subsequent drop is a result of the crack reverting the aluminium-polymer interface. In spite of these trends, the fracture energy remains high at all rates of loading.
Conclusions
Single cantilever beam tests on model aluminium/glass fibre reinforced polypropylene laminates have shown that excellent adhesion between the metallic and composite plies can be achieved by incorporating a maleic-anhydride modified PP at the bi-material interface. Tests over a wide range of loading rates have shown that the interfacial fracture Advanced Composites Letters energy first increases with loading rate and then decreases. These trends have been partly explained by examining the fracture surfaces of failed specimens. At low and high rates of loading, the crack exhibits a tendency to propagate long the bi-material interface. At intermediate rates where the fracture energy is highest, the crack remains within the composite substrate.
